Objective: This study was designed to compare measured and predicted thoracic gas volume (V TG ) after weight loss and to analyze the effect of body composition confounders such as waist circumference (WC) on measured V TG changes. Design: Prospective intervention study. Setting: Outpatient University Laboratory, Lisbon, Portugal. Subjects: Eighty-five overweight and obese women (body mass index ¼ 30.073.5 kg/m 2 ; age ¼ 39.075.7 years) participating in a 16-month university-based weight control program designed to increase physical activity and improve diet. Methods: Body weight (Wb), body volume (Vb), body density (Db), fat mass (FM), percent fat mass (%FM) and fat-free mass (FFM) were assessed by air-displacement plethysmography (ADP) at baseline and at post-intervention (16 months). The ADP assessment included a protocol to measure V TG and a software-based predicted V TG . Dual-energy X-ray absorptiometry (DXA) (Hologic QDR 1500) was also used to estimate FM, %FM and FFM. Maximal oxygen uptake (VO 2 max) was assessed with a modified Balke cardiopulmonary exercise testing protocol with a breath-by-breath gas analysis. Results: Significant differences between the baseline and post-weight loss intervention were observed for body weight and composition (Vb, Db, %FM, FM and FFM), and measures of V TG (measured: D ¼ 0.2 l, Po0.001; predicted: D ¼ 0.01 l, Po0.010) variables. Measured V TG change was negatively associated with the change in the WC (P ¼ 0.008), controlling for VO 2 max and age (P ¼ 0.007, P ¼ 0.511 and P ¼ 0.331). Linear regression analysis results indicated that %FM and FM using the measured and predicted V TG explained 72 and 76%, and 86 and 90% respectively, of the variance in %FM and FM changes using dual-energy x-ray absorptiometry. Conclusions: After weight loss, measured V TG increased significantly, which was partially attributed to changes is an indicator of body fat distribution such as WC. Consequently, measured and predicted V TG should not be used interchangeably when tracking changes in body composition. The mechanisms relating the reduction of an upper body fat distribution with an increase measured V TG are worthy of future investigation.
Introduction
Weight loss intervention programs typically emphasize a loss in body weight as the primary outcome; just as important though, is a loss in fat mass. Therefore, the need for accurate techniques in the assessment of body composition in weight loss clinical programs is important.
There are several body composition instruments that can be applied in a clinical setting (Heymsfield et al., 1998) . Recently, air-displacement plethysmography (ADP) has been used for measuring human body composition (i.e. BOD POD; Life Measurement Incorporated, Concord, CA, USA), in part because of its wide applicability to many diverse populations and its relative ease both on the subject and tester as compared with more traditional techniques. This equipment has been widely validated against reference methods in healthy children, adolescents, adults and elderly (Sardinha et al., 1998; Collins et al., 1999; Levenhagen et al., 1999; Miyatake et al., 1999; Nunez et al., 1999; Wagner et al., 2000; Fields et al., 2001; Millard-Stafford et al., 2001; Bosy-Westphal et al., 2003; Silva et al., 2006) . Furthermore, test-retest reliability, between-day variability, within-subject variability and between-instrument variability appear to be good to excellent (Fields et al., 2002; Ball, 2005; Going, 2005) . Other studies have also assessed the importance of selected methodological issues associated with ADP such as the effects of clothing, hair and skin surface area to measure body volume (Vb) with adequate accuracy (Fields et al., 2000 (Fields et al., , 2002 .
ADP utilizes the inverse relationship between pressure and volume (Boyle's law) to measure Vb as described by Dempster and Aitkens (1995) . Interestingly, Vb determined by Boyle's law is underestimated by 40% of the thoracic gas volume (V TG ) partly because the air in the lungs is isothermic and 40% more compressible than adiabatic air. Thus, failure to correct for this phenomenon will result in an overestimation of total body density (Db) and, consequently, an underestimation of percent fat mass (%FM); therefore, measurement of V TG by the BOD POD is incorporated into the testing procedure (Dubois et al., 1956) . Alternatively, the BOD POD provides the use of a predicted V TG (V TGPredicted ) (Crapo et al., 1982) . The validity of using the V TGPredicted in place of the measured V TG (V TGMeasured ) to determine %FM was studied in a few cross-sectional studies with mixed results (McCrory et al., 1998; Demerath et al., 2002) . Accordingly, no differences were found between measured vs predicted V TG in different adult age groups.
Changes in body weight and composition (commonly seen in a weight loss program) may result in functional alterations in the V TG . Refsum et al. (1990) has reported a change in lung function (i.e. increased filling of the lungs, improved dynamic function and reduced ventilation disturbances) following weight loss. Moreover, Wannamethee et al. (2005) concluded that total body fat and central adiposity measured by waist circumference (WC) is inversely associated with lung function in non-obese and obese elderly men after adjusting for confounders such as age and height. Hence, functional changes in the measured V TG may be an important methodological issue that needs to be addressed within the scope of the BOD POD in general and weight loss programs specifically. Therefore, the purpose of this study was twofold: to compare changes between the measured and predicted V TG following a 16-month weight loss intervention program and to understand the effect of confounders (specifically upper body fat i.e. WC) on the measured V TG in overweight and obese and women.
Methods

Subjects
Subjects were recruited from the Lisbon community for a 16-month weight management program through newspaper advertisements, the internet and flyers. Eligibility into the study required subjects: (1) 424 years, (2) premenopausal, (3) currently not pregnant nor trying to be pregnant, (4) body mass index (BMI) between X25 kg/m 2 and o40 kg/m 2 and (5) free of major diseases. After several orientation sessions, 152 women enrolled into the program. During the run-in phase, four women decided not to participate (reporting time and scheduling conflicts), four did not comply with testing requirements and were excluded, three women were pregnant or were trying to become pregnant and one subject was found ineligible owing to medical reasons (untreated hyperthyroidism), leaving a total of 140 women who started the intervention. An initial visit with the study physician ensured that subjects met all the medical inclusion criteria. All participants agreed to refrain from participating in any other weight loss program and gave written informed consent before participating in the study. The research design of the 16-month weight loss program is described in detail elsewhere (Teixeira et al., 2004) . Briefly, the program included educational content and practical application classroom exercises in the areas of physical activity and exercise, diet and eating behavior and behavior modification. Sixteen months after the intervention, 93 women were evaluated, but only 85 women performed all the body composition methods and had V TG measured successfully . The Institutional Review Board of the Faculty of Human Movement approved the study.
Surface morphology
Subjects were weighed wearing a swimming suit without shoes using an electronic scale connected to the plethysmograph computer (BOD POD, Life Measurement Instruments, Concord, CA, USA) to the nearest 0.01 kg. Height was measured to the nearest 0.1 cm with a stadiometer (Seca, Hamburg, Germany). A trained researcher measured WC above the iliac crest according to the procedures of Lohman et al. (1988) . For data analysis, the average of the three measurements was considered. The technical error of measurement (TEM) and the intraclass coefficient of correlation (ICC) for WC in 10 subjects in our laboratory is 0.41 and 1.00, respectively.
ADP testing
The subject's Vb was assessed by ADP using the BOD POD software version 1.68. (Life Measurement Incorporated, Concord, CA, USA) according to the manufacturer's testing recommendations and guidelines. Details regarding the physical concepts and operational principles of the ADP are reported elsewhere (Dempster and Aitkens 1995; McCrory et al., 1995) . Briefly, each subject wore a swimsuit and cap provided by the laboratory whereas body mass was measured to the nearest 100 g by an electronic scale connected to the BOD POD computer. Next, the measured V TG was calculated, where:
Alternatively, BOD POD offers the ability to predict the V TG in cases where a measured V TG is impossible. The predicted V TG was calculated, where:
The predicted V TG equation is calculated from Crapo et al. (1982) equation and is based on a functional residual capacity that is derived by the following equation developed for women:
where H is height in centimeters, and the ADP software calculates the tidal volume by using a constant of 0.7 l for women. The Crapo et al. (1982) prediction V TG equations were developed from healthy adult male and female subjects between the ages of 17 and 91 years, by using single-breath helium dilution techniques. After the V TG was measured, the corrected Vb was calculated and the subsequent Db, with %FM was calculated utilizing the Siri (1961) equation. The TEM and the coefficient of variation (CV) for body volume in our laboratory in 10 subjects is 0.20 l and 0.5%, respectively.
Dual-energy X-ray absorptiometry
To estimate total fat mass (FM) and fat-free mass (FFM), dualenergy X-ray absorptiometry (DXA) was used (QDR-1500, Hologic, Waltham, USA, pencil beam mode, software version 5.67, enhanced whole-body analyses). Following the protocol for DXA described by the manufacturer, a step phantom with six fields of acrylic and aluminium of varying thickness and known absorptive properties was scanned alongside each subject to serve as an external standard for the analysis of different tissue composition. The same lab technician positioned the subjects, performed the scans and executed the analysis according to the operator's manual using the standard analysis protocol. The CV for %FM in our laboratory in 10 subjects is 2.9%.
Maximal oxygen uptake
Balke's (Balke and Ware, 1959 ) modified cardiopulmonary exercise testing protocol was used to assess cardiovascular fitness using a Quinton 645 treadmill. Maximal oxygen uptake (VO 2 max) was measured using a breath-by-breath system with a zircon O 2 gas analyser coupled to measure pulmonary flow (MedGraphics, MN, USA), with an accuracy of 73 and 70.1%, respectively.
Statistical analyses
All data are reported as the mean7standard deviation (s.d.). Differences between predicted and measured mean variables were evaluated by a paired sample t-test. Multiple regression analysis was applied to investigate changes in the measured V TG with recognized influencing factors, such as WC, VO 2 max and age. Statistical significance was set at Pp0.05 and data were analyzed using SPSS (version 14.0; SPSS Inc., Chicago, IL, USA).
Results
Subject descriptive characteristics at baseline and postweight loss intervention are reported in Table 1 Linear regression analysis and the Bland-Altman method were performed to compare %FM and FM changes using the measured and predicted V TG , and %FM and FM changes from DXA with the results presented in Table 2 . Similar regression parameters were found between %FM and FM changes obtained from both the measured and predicted V TG with %FM and FM changes from DXA. The results indicated that %FM and absolute FM using the measured and predicted V TG explained 72 and 76% or 89 and 90% of the variance in %FM changes and absolute FM changes using DXA with similar standard error of estimations of 2.2 and 2.4% or 1.9 l and 1.8 l, respectively. In addition, no significant mean bias was observed between %FM changes or FM changes using the measured and predicted V TG with %FM changes from DXA (bias7s.d.: 0.4472.5%, P ¼ 0.105; À0.0472.3%, P ¼ 0.877) respectively, or FM changes from DXA (bias7s.d.: 0.3371.9 kg, P ¼ 0.103; 0.00271.8%, P ¼ 0.992), respectively. No significant trends were found.
Multiple regression analysis was performed to explain the significant difference in the measured V TG between the baseline and 16 month post-weight loss program. The change in the measured V TG observed were significantly and negatively associated/influenced by WC and this significant influence was observed even after controlling for VO 2 max and age (Table 3) .
Discussion
To our knowledge, this is the first study that has investigated the impact of a weight loss intervention program on V TG and the subsequent impact on FM, %FM and FFM. The findings from this study showed that the V TG was significantly overestimated by B0.2 l when utilizing the predicted V TG equations vs measuring the V TG .
In order to appreciate the impact that the V TG plays on the estimation of %FM and absolute FM, it is important to consider how V TG is used to calculate total BV and subsequently Db and %FM. The ADP software calculates body volume by the following equation:
where BV is the body volume, V TG is the thoracic gas volume, SAA is the surface area artifact and BV raw is the body volume before correcting for the V TG and SAA.
For example, if the BV raw and SAA remain unchanged (78.7 l and À0.9, respectively) with an observed V TG change of 1.2 l, the final effect on a 90 kg women would have resulted in a final BV change of 0.5 l, thus impacting the estimation in body composition by 2.6% FM units (i.e. 2.3 kg of absolute FM). Considering that the mean % FM change in this sample was B3.5% and the change in the measured V TG was B0.2 l, it would be plausible to suggest that some of the loss in FM observed could be directly contributed to the change in the V TG .
To better understand the effect of using a measured or predicted V TG on estimates of %FM and FM, an independent method of body composition (i.e. DXA) was used to further explore and refine these relationships. The findings suggest a strong relationship between the effects of both V TG methods on %FM changes with %FM changes using DXA, which explained 72-76% of the total variance in %FM changes from DXA or 89-90% if absolute FM changes were considered. Therefore, it seems that for group comparisons, the observed differences in absolute or %FM estimation using either the measured or predicted V TG , though significantly different, provided similar finding utilizing an independent technique (i.e. DXA). However, one should not use the interchangeable measured and predicted V TG , particularly to assess body composition changes in a weight loss program. Even though mean measured and predicted V TG values tend to be similar, it is important to note the finding that both, at baseline and post-intervention, predicted V TG were overestimated in lower V TG values and underestimated in higher V TG values. It is not apparent the reason for this finding. However, although further research is necessary to shed some light on this issue, one should consider that the model to predict V TG needs some refinement to improve its accuracy in overweight and obese subjects.
In order to explain the discrepant results between the measured V TG before and after the intervention, we Abbreviations: BMI, body mass index; BV, body volume; D, change between baseline and post-weight loss intervention program; Db, body density; DXA, dualenergy X-ray absorptiometry; FFM, fat-free mass; FM, fat mass; %, percentage; s.d., standard deviation; VO 2 max, maximal oxygen uptake; V TG , thoracic gas volume; WC, waist circumference.
hypothesized that body composition changes observed after the intervention, namely central body fat distribution, would significantly impact V TG . Our findings presented a 4.2 cm reduction in the WC (DWC, Po0.001), which indicated a significant decrease in central body fat distribution. Lung function was not obtained in the present study; however, VO 2 max was obtained and a significant increase was seen (Po0.001). In addition, a significant and inverse correlation (Po0.001) was found between WC changes and change in VO 2 max (r ¼ À0.423) (data not shown).
The relationship between WC and the changes in the measured V TG was performed to explain the change between the measured V TG between baseline and post-weight loss intervention. The change in the measured V TG was signifi- Abbreviations: Bias, mean difference between %FM and FM from ADP and DXA; FM, fat mass; ; R 2 , coefficient of determination; s.e.e., standard error of estimation; Trend (r), correlation between the difference of the methods and the mean of both methods; V TG , thoracic gas volume. *Po0.05.
cantly and negatively associated with the change in the WC (P ¼ 0.008), even after controlling for VO 2 max and age. These results indicate that a reduction in WC and consequently central adiposity contributes significantly to the higher measured V TG values, independently of VO 2 max and age. These findings extend the results of previous studies, which reported inverse associations between lung function and measurements of central adiposity such as the WC (Collins et al., 1995; Lazarus et al., 1998; Cotes et al., 2001; Harik-Khan et al., 2001; Canoy et al., 2004) . Lazarus and coworkes indicated a negative association between forced vital capacity (FVC) and WC in 1235 adult subjects of both genders. Additionally, Canoy et al. (2004) , using a large sample of 9674 men and 11 876 women aged 45-79 years, concluded that abdominal fat deposition may play a role in the impairment of respiratory function among the abdominally obese.
This association between WC changes and measured V TG changes might be explained by a variety of mechanisms. Abdominal fat deposition may directly impede the descent of the diaphragm into the abdominal cavity, whereas fat deposition in the chest wall may diminish rib cage movement and thoracic compliance, both of which lead to restrictive respiration impairment (Maiolo et al., 2003) . Other mechanisms have been suggested, including the possibility that abdominal fat deposition leads to a redistribution of blood to the thoracic compartment that reduces vital capacity (Harik-Khan et al., 2001 ). In addition, high amounts of FM may be related to a greater degree of airway narrowing than would be expected on the basis of reduced lung volume alone, although the mechanisms remain uncertain (King et al., 2005) . However, obesity is a complex disorder and the effects of excess adipose tissue on pulmonary function may be influenced by the location of excess fat deposits as well as by their extent.
A limitation of our study includes the use of DXA as the reference method. Although DXA is considered a valid technique for %FM and FM analysis, it is not considered as the 'gold reference' method and it is not without limitations regarding both the accuracy and the reliability to estimate total body fatness. (Wong et al., 2002; Williams et al., 2006) . However, of the available methods to measure body composition, DXA has a good performance criteria to measure %FM and FM when compared with multicompartment models (Lohman et al., 2000; Genton et al., 2002) .
Conclusion
ADP was used to assess changes in body composition following a 16-month weight loss program. Taking into account the fact that the subject's 'raw' BV is corrected according to the V TG , the present study underscores the impact of using the predicted vs measured V TG . This is to say the %FM change using the measured V TG resulted in a decrease of 3.5%FM vs using the predicted V TG , which resulted in a decrease of 4.0%FM over the course of the 16-month program. Therefore, this study indicates that the measured and predicted V TG values should not be used interchangeably. An important predictor of the change in the measured V TG could be attributed to changes in the WC, which is an indicator of central adiposity. However, the underlying mechanisms of the role of central adiposity is unclear and worthy of future investigation. Abbreviations: b, Beta coefficient; P, P-value; s.e., standard error.
